Background/Aims: Regulatory T cell (Treg) is required for the maintenance of tolerance to various tissue antigens and to protect the host from autoimmune disorders. However, Treg may, indirectly, support cancer progression and bacterial infections. Therefore, a balance of Treg function is pivotal for adequate immune responses. Acid sphingomyelinase (ASM) is a rate limiting enzyme involved in the production of ceramide by breaking down sphingomyelin. Previous studies in T-cells have suggested that ASM is involved in CD28 signalling, T lymphocyte granule secretion, degranulation, and vesicle shedding similar to the formation of phosphatidylserine-exposing microparticles from glial cells. However, whether ASM affects the development of Treg has not yet been described. Methods: Splenocytes, isolated Naive T lymphocytes and cultured T cells were characterized for various immune T cell markers by flow cytometery. Cell proliferation was measured by Carboxyfluorescein succinimidyl ester (CFSE) dye, cell cycle analysis by Propidium Iodide (PI), mRNA transcripts by q-RT PCR and protein expression by Western Blotting respectively. Results: ASM deficient mice have higher number of Treg compared with littermate control mice. In vitro induction of ASM deficient T cells in the presence of TGF-β and IL-2 lead to a significantly higher number of Foxp3 + induced Treg (iTreg) compared with control T-cells. Further, ASM deficient iTreg has less AKT (serine 473) phosphorylation and Rictor levels compared with control iTreg. Ceramide C6 led to significant reduction of iTreg in both ASM deficient and WT mice. The reduction in iTreg leads to induction of IL-1β, IL-6 and IL-17 but not IFN-γ mRNA levels. Conclusion: ASM is a negative regulator of natural and iTreg.
Foxp3
+ Treg) are pivotal for maintaining tolerance to self and non-self-antigens and protect the hosts from numerous autoimmune pathologies [1] [2] [3] .
However, in contrast, Treg can also favour cancer progression and bacterial infections [4] [5] [6] [7] [8] [9] . Recently, Treg has been described as being neuroprotective, by modulating oxidative stress and inflammation in microglial cells, thereby ameliorating neurodegeneration in Parkinson´s disease [10, 11] . The development, maintenance, and effector function of Treg is dependent on the cardinal transcription factor Foxp3 [12] [13] [14] [15] [16] [17] .
Sphingolipids are a class of lipids with a polar head group and two nonpolar tails. The core of a sphingolipid is an amino alcohol called sphingosine [18, 19] . Complex sphingolipids located in the plasma membrane of cells (in particular nerve cells) have a structural function and are believed to protect the cell surface from harmful environmental factors and the regulation of inflammation, cell death, and cell proliferation involves sphingolipids [18] . They also serve as adhesion sites for extracellular proteins and play important roles in signal transmission and cell recognition. Metabolites derived from sphingolipids have been associated with development of several pathologies including diabetes, cancer, microbial infections, neurological syndromes, and cardiovascular disease [18] . Sphingolipid metabolism involves several enzymes creating a balance between synthesis and degradation of sphingolipids [19] . Sphingolipids catabolism by sphingomyelinase leads to generation of ceramides [19, 20] .
The activity of sphingomyelinases is pH dependent [21] . Two distinct sphingomyelinases have been defined, an acid sphingomyelinase (ASM) located in the lysosomes and neutral sphingomyelinase (NSM) located on the outer leaflet of the plasma membrane [22] . Furthermore, depending on glycosylation pattern of ASM, the enzyme is located either in lysosomes or the enzyme is secreted [21] . ASM is needed to hydrolyse sphingomyelin into ceramide and phosphocholine [22] . Deficiency of this enzyme leads to Niemann-Pick disease (NPD) in humans [22, 23] . Deregulated ASM function is involved in many pathologies including; inflammation and infection, cystic fibrosis, Wilson disease, type 2 diabetes, cardiovascular disease, cerebral ischemia, autoimmune multiple sclerosis, major depression, Parkinson disease, and Alzheimer's disease [19, 21, [23] [24] [25] [26] [27] [28] . In platelets, ASM regulates cell membrane scrambling, secretion and thrombus formation [29] . In primary CD8 + T cells, ASM is a prime regulator of cytotoxic granule secretion [30] and ASM is involved in regulation of CD95 dependent cell death [31] + induced Treg (iTregs) in the presence of TGF-β and IL-2 lead to statistically higher percentage of iTreg from ASM -/-compared with ASM +/+ mice. iTreg development was dependent on AKT/Rictor. ASM -/-iTregs were less proliferative and less suicidal compared with ASM +/+ iTreg. Further, the ASM product ceramide compromised iTreg development with higher mRNA levels of inflammatory cytokines (IL-1β, IL-6 and IL-17) in iTreg. Thus, our data suggest that ASM plays an important role in the regulation of Treg development by regulating ceramide production.
Materials and Methods

Mice
Male and Female (8-12 weeks old) ASM +/+ and ASM -/-mice were used as described previously [29] . All experiments used littermate controls of matched sex and were performed according to the EU Animals Scientific Procedures Act and the German law for the welfare of animals. The procedures were approved by the authorities of the state of Baden-Württemberg.
CD4
+ T cell purification T cells are purified as describe earlier [32] . In brief, from 8-12 weeks old mice, spleens were collected and macerated utilised a syringe plunger. Cells were then used for naïve CD4 +
CD25
-T cells purification using magnetic beads selection. 
iTreg differentiation
To differentiate naïve T cells into iTreg, plates were pre-treated with a ratio of 1:2:anti-CD3:anti-CD28 (1.0 µg/ml anti-CD3: 2.0 µg/ml anti-CD28) [11] . CD4 +
CD25
-T cells were then activated after incubated 3-4 days in RPMI1640 medium (Invitrogen) supplemented with FBS, Penicillin/Steptomycin, L-glutamine, β-Mercaptoethanol [32] on the plate bound with anti-CD3/anti-CD28 antibodies (eBiosciences, UK), and 5.0 ng/ml recombinant-TGF-β, 10.0 ng/ml recombinant-IL-2 (eBiosciences, Germany) were added during the incubation. Ceramide C6 (Sigma, Germany) was used (1-10µM) together with TGF-β and IL-2 for iTreg differentiation. Cells were harvested at day 3-4 and used for flow cytometry, q-RT-PCR and immune-blotting experiments.
Flow cytometry Splenocytes or activated Th0 and iTreg from ASM
+/+ and ASM -/-mice were collected and incubated with florescence bound anti-CD4, anti-CD8a, anti-CD25, anti-CD62L, anti-CD44 (eBioscience, Germany) for surface staining for characterisation, or other antibodies depending on the experiment and washed with PBS. For intracellular staining cells were then fixed with Foxp3 fixation/permeabilization buffer (eBioscience, Germany) for 45 minutes and then washed with 1x permeabilization buffer. After washing, cells were exposed to intracellular monoclonal antibodies for Foxp3 or other antibodies depending on the experiment and incubated for additional 45 minutes. Cells were then washed again with permeabilization buffer and PBS was added to acquire the cells on a flow cytometer (FACS-calibur from Becton Dickinson; Heidelberg, Germany).
Cell cycle analysis
After Th0 and iTreg culture, cells were collected and washed with PBS at 600xg for 5 minutes at RT. 1 ml of -20 0 C cold ethanol:PBS mix (3:1) was added during swirl mixing of the cells pellet. Cells were then kept at -20 0 C overnight to maximum 4 days depending on the experiment. After incubation at -20 0 C, cells were washed with PBS again and incubated for 30 minutes at RT in the presence of 50 µg/ml PI (Sigma, Germany) and 100 µg/ml RNase A (Qiagen, Germany). To the end, cells were washed and acquired by flow cytometry for cell cycle and cell death analysis.
CFSE staining and cell proliferation After CD4
+ T cells were purified, cells ( 5x10 6 ) were washed 1x with PBS (Sigma, Germany) and stained with 2 µM Carboxyfluorescein succinimidyl ester (CFSE) (eBioscience, Germany) for 15 minutes at RT in the dark and washed 2x with RPMI-1640 medium as described earlier [32] . Stained cells were cultured for 3 days and after 3 days of culture, cells were stained with Foxp3 antibody and detected by flow cytometry.
Immunoblotting
Activated naïve T cells (1x10 6 cells) from ASM +/+ and ASM -/-were differentiated into iTreg by introducing TGF-β and IL-2 and after 3 days of culture, cells were then collected and washed 1x with PBS. After washing, 1:1 ratio H 2 O and 2X Lammelli's Buffer were added for cell lysis. Proteins was then denatured at 95 0 C for 5 minutes and stored at -20 0 C. For each condition of experiments, sample proteins were loaded on 8% or 10% SDS-PAGE gel depending on proteins size and run for 80-120 mV for 90-100 minutes. Proteins were then electrotransferred onto PVDF membrane (GE healthcare, USA). Membranes were probed with the indicated primary antibodies (pAktS473, mTOR, Rictor, pS6 ribosomal protein (S235/ S236), and GAPDH; Cell Signalling, USA) followed by HRP-conjugated secondary antibodies (Cell Signalling, USA) [33] . Membranes were washed and visualized with enhanced chemiluminescence detection system (ECL; PeqLab, Germany).
q-RT-PCR
Total mRNA was isolated from Th0 cells and iTregs from ASM +/+ and ASM -/-using the mRNAeasy isolation kit (QIAGEN, Germany) as described by the manufacturer. 1.0 µg mRNA was converted into cDNA using the Superscript III cDNA synthesis kit (Invitrogen, Germany). Briefly, in 10.0 µl reactions, 10.0 ng cDNA, 2X SYBR green Master-mix (KAPA SYBR green, Peqlab, Germany) and 250 nM primers were used for q-RT-PCR reactions. q-RT-PCR and data analysis were performed using -ΔΔ CT method. Primer sequences used in this study; Foxp3 F primer: 5'-GGTACACCCAGGAAAGACAG-3' and R primer: 
Statistics
Figures were made in Excel Microsoft office software. Arithmetic mean values are presented ± standard error of mean (SEM) and n represents the number of independent biological experiments. GraphPad Prism and Excel were used for statistical analyses. Student's unpaired t-test was used for significance. P values of equal or less than 0.05 were considered significant, p≤0.05*, p≤0.01** and p≤0.001***.
Results
ASM deficiency leads to increase in total CD4
+ CD25 + Foxp3 + Treg The present study explored whether ASM influences CD4 + T cells development. In a first series of experiments, we stained splenocytes from ASM -/-and ASM +/+ mice for various T cell markers such as CD4, CD8, CD25, Foxp3, CD44 and CD62L. CD4 + or CD8 + T cells numbers tended to be higher in ASM -/-mice than in ASM +/+ mice, a difference, however, not reaching statistical significance (Fig. 1A) . CD4 + T cells were stained for CD25 and Foxp3 to identify the Treg population in both mice strains. As a result, ASM -/-mice had significantly higher (total) number of Treg compared with ASM +/+ mice (Fig. 1B) . We found no significant difference in between ASM -/-and ASM +/+ mice for naïve CD4 + T cells (CD4
-) T cells tended to be higher based on total numbers of cells in ASM -/-compared with ASM +/+ mice, a difference, however, not reaching statistical significance (Fig.  1C) .
ASM deficiency increases the CD4
+ Foxp3 + iTreg As revealed in Figure 1 , ASM deficient mice possess higher numbers of Treg, we next explored whether ASM deficiency also lead to the increased development of CD4
+
Foxp3
+ iTreg in these mice. We isolated naïve CD4 + T cells from both ASM -/-and ASM +/+ mice spleen and differentiated in vitro into iTreg in the presence of TGF-β and IL-2. After 3-4 days of differentiation we found no significant change in the control (Th0) cells from ASM -/-compared with ASM +/+ mice ( Fig. 2A, B) , however, ASM -/-mice have significantly higher percentage of iTreg compared with ASM +/+ mice ( Fig. 2A, C) . As previously described, activated levels of AKT/Rictor was shown to attenuate the development of Tregs [11, 34, 35] . As illustrated in Figure 2D , we showed that iTreg from ASM -/-mice have a reduction in Rictor, mTOR and AKT (serine 473) phosphorylation protein levels when compared to iTreg from ASM +/+ mice. Further to this, we show that Phospho-S6 is also lower, reflecting lower activated mTOR activity (Fig. 2D) . Therefore, these results suggest ASM may contribute to the increased development of iTreg through AKT/Rictor pathway.
ASM is involved the regulation of iTreg proliferation
In order to test, whether ASM regulates the proliferative capability in iTreg, we stained the naïve CD4 + T cells with carboxyfluorescein succinimidyl ester (CFSE; a cell proliferation dye) and differentiated T cells into iTreg in the presence of TGF-β and IL-2. After 3 days of culture, differentiated cells were stained for Foxp3 and proliferation activity of iTreg (Foxp3 + ) was measured. As illustrated in Fig. 3A iTreg from ASM -/-mice have a significantly lower proliferative capacity when compared to ASM +/+ mice. Cell cycle analysis suggested that ASM -/-iTreg has significantly lower percentage of cell in the G0/G1 phase compared + T cells were stained with the cell proliferation dye CFSE (2 µM) and cultured for 3 days with TGF-β (5.0 ng/ml) and IL-2 (10.0 ng/ ml) (iTreg). After 3 days of culture cells were stained with a Foxp3 antibody and acquired by flow cytometry. Flow data suggested ASM -/-mice have significantly lower proliferation rates in iTreg compared with ASM +/+ mice. Left hand side shows the representative FACS plots for Foxp3 and CFSE staining and right hand side shows mean ± SEM (n = 3-5 independent experiments) for iTreg. * indicates statistical significance difference (p<0.05). (B) Cell Cycle of iTreg was characterised by Propidium Iodide (PI) staining. PI staining suggested iTreg from ASM -/-mice have significantly fewer G0-G1 cell cycle stages and significantly more S phase stages compared with ASM +/+ iTreg at percentage level. Data are shown as mean ± SEM (n = 3-5 independent experiments). * indicates statistical significance difference (p<0.05).
with ASM +/+ iTreg (Fig. 3B) . No difference was seen in S or G2/M phases and in cell death (data not shown).
Fig. 4. Ceramide blunted iTreg induction and proliferation in both ASM
+/+ and ASM -/-. Purified CD4 + T cells were stained with the cell proliferation dye CFSE (2 µM) and cultured for 3 days with TGF-β (5.0 ng/ml) and IL-2 (10.0 ng/ml) (iTreg). After 3 days of culture, cells were stained with a Foxp3 antibody and acquired by flow cytometry. Flow data suggested iTreg in both ASM +/+ and ASM -/-mice have been blunted after ceramide treatment compared with untreated groups follow the dose dependent manners (1µM-10µM). (A) shows the representative FACS plots for Foxp3 and CFSE staining. (B) shows mean ± SEM (n = 3-5 independent experiments) for Th0 cells, iTregs and ceramide treated groups respectively. ** and *** indicate statistical significance difference (p<0.01) or (p<0.001) respectively. 
Ceramide C6 treatment decreases the iTreg development
The ASM enzyme is involved in the hydrolysis of sphingolipids into ceramide [22] . One of the most studied roles of ceramide pertains to its function as a proapoptotic molecule. We speculated that ceramide could impair the development of iTreg. To test this hypothesis, naïve T cells were differentiated in the presence of Ceramide C6 (1µM -10µM). As a result, Ceramide C6 (10µM) significantly reduced the development and proliferation of iTreg from both ASM -/-and ASM +/+ mice strains ( Fig. 4A and B) .
Ceramide C6 treatment increased the IL-17 from iTreg
We further explored whether a decrease in iTreg production, lead to an increase in inflammation after treatment with Ceramide C6. In keeping with previous results above, iTreg has significantly more Foxp3 + mRNA levels in ASM -/-mice (Fig. 5) . mRNA levels of IL-1β and IL-6 were significantly higher in iTreg treated with Ceramide C6 (10µM) compared with control iTreg in both mice strains (Fig. 5) . In contrast, IL-17 mRNA levels were significantly augmented in ASM +/+ iTreg treated with Ceramide C6. Surprisingly, only IL-17 mRNA levels were decreased after ceramide treatment in iTreg from ASM -/-mice (Fig. 5) . However, mRNA levels of IFN-γ were reduced in both strains of mice Treg (Fig. 5) after Ceramide C6 treatment. Thus, our data suggested that decrease in iTreg development treatment with Ceramide C6 increases the mRNA levels of various inflammatory cytokines.
Discussion
Sphingolipids participate in the pathophysiology of cancer, neurodegeneration, neuroinflammation as well as autoimmune disorders [21, 24, 27, 28] . However, how ASM is involved in the development of Treg had not been defined. In this manuscript, we describe a novel role of ASM in iTreg development. ASM derived ceramide negatively regulates the development of iTreg. Accordingly, ASM deficient mice have increased formation of Treg in vitro and in vivo. Further, we uncover that ceramide is a key regulator of IL-1β, IL-6 and IL-17 mRNA levels in developing iTreg.
A previous study suggested that intravenous injection of anti-CD4 antibody or phytohemagglutinin (PHA) results in apoptosis of peripheral blood lymphocytes through the endogenous CD95/CD95 ligand in control mice but not in ASM deficient mice [28] . Furthermore, control mice but not ASM deficient mice develop autoimmune like hepatitis after treatment with PHA or anti-CD4 [28] . According to our observations, higher numbers of Tregs in ASM deficient mice could explain the blunted development of autoimmune like hepatitis in ASM deficient mice.
Sphingolipids are lipid molecules governing diverse processes such as inflammatory signalling, cell death, and cell proliferation [18] . Our data suggests that iTreg proliferation was lower in ASM deficient mice compared with control mice. However, no difference was observed in iTreg cell death between both mice strains. Our cell cycle analysis shows that ASM deficient mice have lower G0/G1 phase compared with control littermate mice, suggesting that T cells are more proliferative in ASM deficient mice. Furthermore, mTOR, Rictor, pS6 kinase and AKT signalling molecules are less in iTreg from ASM deficient mice, on observation providing an explanation for increased induction of iTreg [35, 36] . A previous study suggested that ceramide regulates lipopolysaccharide (LPS)-induced phosphatidylinositol 3-kinase and AKT activity in human alveolar macrophages immune cells [37] . AKT is critical in governing the development of Treg and TCR induced ceramide production leads to reduced Treg development. In keeping this view, our results suggested that ASM deficient iTreg have reduced AKT and mTOR activities compared with control Treg due to lack of ceramide production. Thus, our data are pointing out a potential link between ASM/ceramide and Treg development via AKT.
Sphingolipids are one of the main components of the plasma membrane and their level of expression is decisive for the regulation of a variety of cell functions [19] . Sphingomyelinases are rate limiting enzymes implicated in synthesis of ceramide [19] . ASM deficiency leads to less production of inflammatory products such as ceramide [19, 20] . Our experiments suggest that ceramide leads to less induction of iTreg in control mice. In addition to this, ASM deficient mice which have enhanced iTreg are also able to lose the Foxp3 induction when treated with ceramide. These results confirm that the ASM product ceramide could lead to decreased iTreg development. However, our results are in sharp contrast to previously findings [38] . Discrepancies in the results could be due different methods of iTreg induction.
In our experiments, we have used IL-2 in addition to TGF-β for iTreg whereas the previously published study used only TGF-β. Indeed, at lower concentration (1 µM) in our hands, we found slight increase in iTreg induction, however at higher concentrations (5 µM or 10 µM) a sharp decline in iTreg induction not only in control but also in ASM deficient mice.
Ceramide is an inflammatory mediator generated after ASM activity. Our data suggest that ceramide treatment leads to enhanced production of IL-1β and IL-6 mRNAs. IL-17 mRNA was also enhanced in WT mice, although, IL-17 levels were reduced even after treatment with ceramide. Nonetheless, our data suggest a key function of ceramide and ASM in suppression of iTreg induction during inflammation.
Conclusion
In summary, we have shown that ASM is crucial in maintaining the balance between inflammatory and suppressive functions of Tregs. Ceramide generated by ASM could enhance the inflammatory environment during iTreg generation and leads to lower production of iTreg.
